ABSTRACT: Molecular recognition is fundamental to the specific interactions between molecules, of which the best known examples are antibody−antigen binding and cDNA hybridization. Reversible manipulation of the molecular recognition events is still a very challenging topic, and such studies are often performed at the molecular level. An important consideration is the collection of changes at the molecular level to provide macroscopic observables. This research makes use of photoresponsive molecular recognition for the fabrication of novel photoregulated dynamic materials. Specifically, a dynamic hydrogel was prepared by grafting azobenzene-tethered ssDNA and its cDNA to the hydrogel network. The macroscopic volume of the hydrogel can be manipulated through the photoreversible DNA hybridization controlled by alternate irradiation of UV and visible light. The effects of synthetic parameters including the concentration of DNA, polymer monomer, and permanent cross-linker are also discussed.
■ INTRODUCTION
Selective molecular recognition between specific molecules forms the basis of biological systems and is achieved through noncovalent interactions such as hydrogen bonding, hydrophobic forces, van der Waals forces, electrostatic effects, etc. Reversible manipulation of molecular recognition events is of crucial importance in the stimulus-responsive regulation of biological processes, for example the reversible enzyme and receptor recognition regulated by kinase and phosphatase through phosphorylation and dephosphorylation. Mimicking naturally occurring systems, different types of stimulusresponsive molecular recognition systems have been developed, such as the oxidation-responsive ferrocene/β-cyclodextrin and photoresponsive azobenzene/α-cyclodextrin interaction, and explored for their applications in construction of novel functional materials. One emerging area involves stimulusresponsive hydrogels, which show great potential in various applications, such as biosensing, drug delivery, microfluidics, and self-healing materials. 1−4 On the basis of the different designs, several classes of hydrogels have been developed with sensitivities toward temperature, pH, light, biomolecules, and other stimuli. 5−9 There has been great interest in photoresponsive hydrogels for the development of "smart" systems. Among all different types of stimuli, light is one of the most attractive since it can be delivered remotely and instantly with high accuracy. Furthermore, light-responsive materials also remain a forefront topic because of their possible application in solar energy harvesting and utilization. 10, 11 For example, Yamaguchi et al. developed a photoswitchable gel assembly based on the photoresponsive azobenzene/α-cyclodextrin interaction. 12 Matsubara et al. synthesized photochromic hydrogels based on the structural change of the hydrogel network regulated by azobenzene isomerization. 13 Our group recently engineered drug-releasing hydrogels based on light-triggered sol−gel conversion. 2 There are also reports of dynamic hydrogels with volume changes. However, they either focus on different properties such as self-assembly and photochromic properties 12, 13 or take advantage of effects other than molecular recognition.
14 To our best knowledge, there have not been reports about dynamic hydrogels with reversible volume changes based on photoswitchable molecular recognition.
With the aim of developing new photoresponsive dynamic materials, we have engineered a DNA-cross-linked hybrid acrylamide polymer hydrogel with light-induced reversible volume change. The basic functional modules of this photoresponsive hydrogel are the photoswitchable DNA duplex complexes regulated by azobenzene isomerization driven by light. It has been demonstrated that an azobenzene bearing DNA duplex dissociates when azobenzene coverts to the cisisomer upon UV light irradiation. However, the DNA duplex recovers when azobenzene converts back to the trans form when visible light is applied. 15, 16 This new type of lightresponsive dynamic hydrogel has the potential to fabricate actuator devices which can convert light energy into a macroscopic volume change for different applications. Furthermore, the design of hydrogels can also be applied to other photoresponsive molecular recognition systems.
■ RESULTS AND DISCUSSION
Design of Light-Responsive Dynamic Hydrogels. Inspired by light-controlled DNA hybridization based on azobenzene isomerization 15, 17, 18 ( Figure 1A ), we engineered a hydrogel using DNA duplexes as photoreversible cross-links. This photosensitive dynamic hydrogel was prepared by grafting azobenzene-tethered, single-stranded DNA and its cDNA to the hydrogel network, so that the degree of cross-linking could be regulated by light. With a two-step polymerization method, 8 we synthesized an acrylamide-backboned hydrogel network, in which linear acrylamide polymers are trapped, using N,N′-methylenebisacrylamide (MBAA) as a permanent cross-linker ( Figure 2A ). The chemical structure of the resulting hydrogel is shown in Figure 2B . The azobenzene-modified DNAs are grafted onto the cross-linked network, while the cDNAs are modified on the linear polymer. When exposed to visible light, it is expected that the hybridization between the two cDNAs will serve as extra cross-links in the network, so that the hydrogel will have a smaller volume ( Figure 1B) . However, when the hydrogel is exposed to UV light, the disruption of DNA hybridization removes the extra cross-links and triggers a volume increase of the hydrogel. By alternating irradiation of visible and UV light, a reversible volume transition is thus realized. Therefore, the reversible macroscopic volume change driven by UV and visible light can be viewed as a process of converting light energy to mechanical energy, meeting the initial goal of this work in converting photonic energy to usable forms of energy. Light-Induced Volume Changes of Dynamic Hydrogels. The ability of the hydrogels to undergo a light-induced volume transition was tested by monitoring the swelling upon UV light irradiation and shrinking with visible light irradiation. The hydrogels were synthesized under visible light in a shrunken state, in which all DNAs were hybridized. Before analysis of the photoinduced volume change, the hydrogels were soaked for three days in a large volume of buffer solution (10 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl 2 , pH 8.0) and allowed to swell to equilibrium. Using a water bath, the temperature was maintained at 22°C throughout this process and the subsequent experiments. The percentage volume changes of the hydrogels were calculated from mass measurements considering the mass and density of polymer, DNA and water included.
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The light-responsive swelling was first analyzed by exposing the hydrogels to UV light (365 nm) at 2 h after the start of monitoring under visible light. As shown by the black curve in Figure 3A , the volume of the hydrogel increased abruptly following the irradiation of UV light and reached equilibrium after 3 h. We attribute this volume increase to the photodissociation of DNA duplexes in the hydrogel network by UV light-induced trans-to-cis isomerization of azobenzene moieties. It is well-known that azobenzene isomerizes from the trans to cis configuration upon UV light irradiation, and previous work has shown that the nonplanar cis-azobenzene moieties can destabilize and dissociate the DNA duplex by steric hindrance. 15−17 As a result of this isomerization, the DNA duplex cross-linkers are removed, thereby yielding a larger hydrogel volume.
After the hydrogel swelled to equilibrium upon UV light irradiation, the light source was switched to visible light which caused the cis-azobenzene moieties to isomerize back to the trans form. Along with the cis-to-trans isomerization of azobenzene moieties, the two complementary ssDNA strands hybridized again to form the duplex, since the planar transazobenzene moieties could stabilize the duplex by stacking interactions. 15−17 Therefore, the hydrogel shrank as the DNA duplex cross-linkers recovered (black curve, Figure 3B ).
To prove that the swelling and shrinking of the dynamic hydrogel is indeed regulated by photoreversible DNA hybridization, we carried out control experiments using two control hydrogels (C1 and C2). Both control hydrogels shared the same structure with the dynamic hydrogel: all were synthesized through the two-step polymerization using two acrylate ssDNA monomers. However, no photoresponsive azobenzene moieties were modified in the DNA strands of control hydrogel C1. As expected, no volume change was observed upon either UV or visible light irradiation (blue curves in Figure 3A and 3B). Several types of hydrogels were recently developed with volume changes based on an infrared (IR) light-induced photothermal effect which changed the local temperature of the hydrogels; 14, 23 the results for control C1 clearly rule out thermal effects as the cause of the volume change.
Control hydrogel C2 had azobenzene moieties in one DNA strand, but the two DNA strands were not complementary to each other. Therefore, no photoreversible DNA duplex crosslinkers were possible, even though the azobenzene moieties could still isomerize upon UV and visible light irradiation. Results from volume change measurements shown by the red curves in Figure 3A and 3B indicated that the isomerization of azobenzene moieties themselves could not induce the volume change.
We performed another control experiment, in which the dynamic hydrogel was left in the dark after swelling to equilibrium upon UV light irradiation, to determine if the shrinking process would be affected by thermal relaxation of the cis-azobenzene moieties. Previous work has shown that azobenzene can automatically isomerize from the cis to trans state by thermal relaxation at room temperature without any light irradiation, although this process can take up to days and is much slower than the visible light activated isomerization, depending on the presence of different substituents.
24, 25 To determine if thermal relaxation is important in the hydrogel volume changes, the volumes were monitored after the UV light was removed at the 3-h time point. As shown in Figure 3B (green curve), the shrinkage induced by thermal relaxation was much slower than that by the visible light, and only a small overall shrinkage was observed. Therefore, on the basis of these extensive control experiments, the volume change of the dynamic hydrogel was induced solely by UV and visible light regulated dissociation and association of azobenzene-modified DNA duplexes.
Reversible Volume Changes of Light-Responsive Dynamic Hydrogels. In order to make the light-responsive dynamic hydrogel useful for continuous harvesting and conversion of light energy, swelling and shrinking must be reversible. Therefore, we investigated the reversibility in response to alternate irradiation with UV (3 h) and visible light (2 h) for multiple cycles, as shown in Figure 4 . In each cycle, the dynamic hydrogel swelled when the light source was switched from visible to UV and contracted when the light source was switched back to visible. For the control hydrogels C1 and C2, no volume change was observed. The volume change for the dynamic hydrogel was very reproducible, except that the expanded gel did not return to its original compact volume when irradiated with visible light. We attribute the decreased contraction to incomplete rehybridization of DNA upon visible light irradiation. The hydrogel is synthesized in the shrunken state with all ssDNA hybridized to form duplexes. In the first cycle, all the duplexes are dissociated by UV light, resulting in a large volume increase. However, not all of the dissociated ssDNAs are able to rehybridize as a result of the diffusion and rearrangement of the polymer networks and DNAs. Consequently, the reduced number of DNA duplex cross-linkers yields a larger volume in the shrunken state, compared to the initial volume. However, after the first cycle, the degree of volume change becomes more reversible, because diffusion and rearrangement reach equilibrium, and the number of photoreversible DNA duplex cross-linkers stays the same.
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Effects of Synthesis Parameters on Volume Changes. The percentage of reversible volume change was also determined to be dependent on conditions during hydrogel synthesis. We prepared dynamic hydrogels using varying concentrations of N,N′-methylenebisacrylamide (MBAA), acrylate DNA monomer, and acrylamide monomer (See Supporting Information, Figures S3−5) . We first changed the concentrations of MBAA and acrylate DNA monomer at fixed acrylamide concentration. Figure 5A shows that the percentage of reversible volume change decreased as the concentration of MBAA increased at fixed acrylate DNA monomer concentration. On the other hand, at fixed MBAA concentration, the reversible volume change increased as the DNA monomer concentration increased ( Figure 5B ). According to the design of our dynamic hydrogel, the volume of hydrogel can be divided into two portions: the reversible portion and irreversible portion. The reversible portion of the hydrogel volume is determined by the photoregulated DNA duplex cross-linkers, while the irreversible portion depends on the permanent MBAA cross-linkers. As a result, the increase of MBAA concentration tends to increase the irreversible portion of volume and reduce the percentage of light-induced volume change. However, an increase in the acrylate DNA monomer concentration increases the reversible portion of volume and therefore enhances the percentage volume change. However, if the concentrations of both MBAA and acrylate DNA monomer are fixed, the acrylamide concentration within the range tested does not influence the percentage volume change, as shown in Figure 5C . We attribute this result to the constant ratio of DNA concentration to MBAA concentration, which results in similar percentage volume change.
■ CONCLUSION
We have successfully constructed dynamic hydrogels with reversible volume changes based on photoswitchable DNA hybridization. The dissociation of DNA duplex cross-linkers in the hydrogels leads to the expansion of the hydrogel volume while the formation of DNA duplex cross-linkers causes the shrinkage of the hydrogel. With this approach, we are able to visualize the reversible dissociation and formation of the DNA duplexes through the volume change of hydrogels. Furthermore, during the past decade, considerable effort has been devoted to the development of DNA-based nanomachines. 18,26−30 However, most reported nanomachines fall short of practical use, as a consequence of their nanometer sizes and inconvenient energy sources. Our dynamic hydrogel takes advantage of the scaffold of the polymer network to convert molecular-level effects into macroscopic changes. The nanometer-sized, photoreversible DNA duplex cross-linkers are assembled into the hydrogel to create harvesting and conversion units for light energy. Macroscopic volume change of hydrogels is achieved by alternate irradiation with UV and visible light. The volume change could be potentially converted to mechanical or electrical energy by using proper device designs. There have been several examples where attempts were made to utilize azobenzenes to harvest solar energy, including an osmotic pressure-driven solar mechanical device 31 and a solar thermal fuel system composed of azobenzene functionalized carbon nanotubes. 32 We believe that the light-reversible dynamic DNA hydrid hydrogels add a new concept to the solar energy field and could find applications in many areas, such as light-controlled actuators, microlenses, and microvalves. These devices will be highly useful with remote control using photons in energy conversion. In addition, the DNA based photodynamic hydrogel can be extended to similar systems, such as photoswitchable azobenzene/α-cyclodextrin complexation, protein/substrate binding, and protein/protein interaction. 33−35 ■ EXPERIMENTAL SECTION DNA Synthesis. All acrydite and azobenzene modified DNA oligonucleotides were synthesized via phosphoramidite chemistry on an ABI 3400 DNA synthesizer (Applied Biosystems, Inc., Foster City, CA). DNA sequences used in the experiments are shown in Table S1 (Supporting Information). After the synthesis, the DNA sequences were deprotected in concentrated AMA (1:1 mixture of ammonium hydroxide and aqueous methylamine) solution at 65°C for 30 min, followed by further purification on a ProStar HPLC system (Varian, Palo Alto, CA) with a C-18 reversed-phase column (Alltech, 5 μm, 250 mm ×4.6 mm) using acetonitrile and 0.1 M triethylammonium acetate (TEAA) aqueous solution as mobile phases. The collected DNA products were dried and detritylated with acetic acid. The detritylated aptamers were precipitated with ethanol and dried using a vacuum drier. The purified aptamers were then dissolved in DNA grade water and quantified by determining the UV absorption at 260 nm using a UV−vis spectrometer (Cary Bio-300, Varian).
Synthesis of Light-Responsive Dynamic Hydrogels. The photoresponsive hydrogels were prepared by a two-step polymerization method in buffer solution (10 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl 2 , pH 8.0) with a total volume of 30 μL (Figure 2 ). In step I, the linear-backboned DNA hybrid polymer was synthesized by copolymerization of acrylamide (4%) and acrydite-DNA (A, 3 mM) using ammonium persulfate (APS) and tetramethylethylenediamine (TEMED). Afterward, the resultant DNA hybrid linear polymer synthesized in step I was mixed with azobenzene-modified acryditecDNA (A′) at a 1:1 ratio. The mixture was heated to 90°C and slowly cooled to room temperature to allow complete hybridization between A and A′. Then, acrylamide and N,N′-methylenebisacrylamide (MBAA) were added to the mixture, and step II of the polymerization process was carried out to form the dynamic hydrogel using APS and TEMED. After polymerization, the dynamic hydrogels were immersed in buffer to remove the unreacted monomers at 22°C. The initial mass swelling ratios after washing were calculated and are summarized in Table S2 −S4 for hydrogels synthesized under different conditions. Control hydrogels were also prepared by the same method, but with different acrydite-DNA monomers. Control hydrogel (C1) was synthesized using cDNA monomers (A and ctrl-A′) without azobenzene modification, while control hydrogel (C2) contained noncDNA monomers (B and A′) with azobenzene modification.
Measurement of Light-Induced Volume Change. A 60 W table lamp and a 6 W hand-held UV lamp (365 nm) were used as visible and UV light sources, respectively. During the light irradiation, the hydrogel was immersed in buffer (10 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl 2 , pH 8.0) in a glass vial. The temperature was maintained at 22°C using a water bath. The hydrogel mass was measured by taking out the hydrogel from the solution, removing excess solution from the gel surface, and weighing. The hydrogel was kept in darkness during the entire process. The volume of the hydrogels (V) can be viewed as the sum of the volumes of the polymer network (V p ) and the aqueous phase in the hydrogels (V w ). Assuming that the mass of polymer and aqueous phase are M p and M w and the densities are ρ p and ρ w ,, respectively, then V = V p + V w = (M p /ρ p ) + (M w /ρ w ). Since the change of volume and mass of the hydrogel is caused by absorption and release of aqueous phase, the change of hydrogel volume can be expressed by ΔV = ΔM w /ρ w = ΔM/ρ w , where ΔM is the observed mass change. Therefore, the percentage volume change is equal to the percentage mass change of the hydrogel.
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